A high-Q microring integrated with a dual-2 ϫ 2-Mach-Zehnder interferometer coupler is proposed as a lowchirp, low-distortion, low-drive-power, quadrature modulator capable of M-ary quadrature amplitude modulation and phase-shift keyed outputs. The modulation rate can greatly exceed the resonator linewidth and is limited only by the coupler response or free spectral range. © We have recently shown that coupling modulation of high-quality-factor ͑Q͒ microrings with 2 ϫ 2-MZI couplers in the push-pull configuration provides chirp-free, low-distortion outputs at modulation rates in excess of the resonator linewidth for intensity modulation [7, 8] . In this Letter, we propose a configuration of a coupling modulated microring with a dual-2 ϫ 2-MZI coupler that can provide low-chirp, low-distortion, M-ary (Ͼ2 types of symbols) QAM/ PSK outputs at modulation rates exceeding the resonator linewidth.
Phase-shift keying (PSK) and quadrature amplitude modulation (QAM) have received much attention in optical communication systems because of their potential for increased receiver sensitivity and spectral efficiency compared with on-off keying (OOK) [1, 2] . Currently, nested Mach-Zehnder interferometer (MZI) modulators are typically used for QAM and PSK modulators. The sharp spectral features of microrings present the possibility of ultracompact, lowloss PSK and QAM modulators. However, microring PSK modulators where the refractive index of the ring waveguide is varied suffer from significant chirp and are thus suitable only for binary-PSK [3] . Furthermore, the majority of microring modulators demonstrated to date varies the refractive index or loss of the ring [4] [5] [6] , which limits the modulation rates to the resonator linewidths [7] .
We have recently shown that coupling modulation of high-quality-factor ͑Q͒ microrings with 2 ϫ 2-MZI couplers in the push-pull configuration provides chirp-free, low-distortion outputs at modulation rates in excess of the resonator linewidth for intensity modulation [7, 8] . In this Letter, we propose a configuration of a coupling modulated microring with a dual-2 ϫ 2-MZI coupler that can provide low-chirp, low-distortion, M-ary (Ͼ2 types of symbols) QAM/ PSK outputs at modulation rates exceeding the resonator linewidth.
First, we briefly summarize the principle of operation of coupling modulated microrings presented in [8] . Figure 1(a) shows a general coupling modulated microring. The electric fields at the various locations are expressed as E ͑t͒ = ͑t͒exp͑i 0 t͒, where = B, C, D and is a slowly varying envelope, and 0 is the frequency of the input optical wave. The input amplitude, A, is constant. We assume the coupler is lossless such that the field transmission and coupling coefficients, ͑t͒ and ͑t͒, follow ͉͑t͉͒ 2 + ͉͑t͉͒ 2 =1. To vary the coupling, the coupler can be a 2 ϫ 2 MZI switch [9] [10] [11] . For high-Q microrings, the MZI phase modulation can be small, since minute changes in ͑t͒ and ͑t͒ can result in large modulation depths. Therefore the MZI coupler can be significantly smaller and require less drive power than conventional MZI modulators [8] .
We showed in [7, 8] that at modulation rates beyond the resonator linewidth, ⌬f, the coupling modulated microring does not suffer from the conventional modulation bandwidth limitations of microrings. This is because even though the circulating field, C͑t͒, remains essentially static at modulation rates ӷ⌬f, C͑t͒ is gated instantaneously by ͑t͒ at the output of the ring. We refer to the limit of an essentially static circulating field as the high-Q model, and it is an excellent approximation for a microring of radius ϳ10 m with a loaded Q of Ϸ100,000 and coupling modulation pulse widths of ϳ10 ps [8] . We refer to the distortion in the output arising from the changes in the circulating field as the memory effect distortion [8] .
As shown in [8] , in the high-Q model, the transmission of a microring with a general coupler is
where is the phase shift through the coupler and and a are the round-trip phase shift and field attenu- ation coefficient through the ring waveguide excluding the coupler region, respectively. 0 , 0 , and C 0 are the bias or steady-state values of ͑t͒, ͑t͒, and C͑t͒, respectively. For a single-MZI coupler in push-pull configuration, T Q ͑t͒ is low distortion and chirp free, but it is only suited to intensity modulation or binary-PSK [8] .
To implement a multilevel quadrature modulator, we propose a microring modulator integrated with a dual-2 ϫ 2-MZI coupler in a push-pull configuration as shown in Fig. 1(b) . For the dual-2 ϫ 2-MZI, the transmission and coupling coefficients are
We let ⌬ I ͑t͒ϵ⌬ I,0 + ⌬ I Ј͑t͒ and , ͑3b͒
where T ss is the steady-state transmission, G is the resonant enhancement of the modulation, and M͑t͒ represents the modulation of the wave coupled from the input to the output port. If ⌬ I,0 = 0, then M͑t͒ contributes only to an offset to G that is in phase with the resonantly enhanced terms, such that Eq. (3a) reduces to
where GЈ = G +e −i͑+/4͒ ⌬ Q,0 /4. Since the GЈ terms in Eq. (4) are / 2 out of phase, the device is a quadrature modulator with an independent I channel, ⌬ I Ј͑t͒, and Q channel, ⌬ Q Ј ͑t͒. By setting ⌬ I,0 = 0, the cross talk between the I and Q channels is eliminated. Furthermore, the constant offset, T ss , can be reduced by operating near critical coupling with a resonant input wavelength. The dual-2 ϫ 2-MZI microring can function as a M-ary QAM and PSK modulator with a modulation efficiency that is large if the circulating intensity is large (i.e., ͉ 0 ͉Ϸa and a Ϸ 1).
To confirm the principle of operation, we calculate the microring output for a RZ-QPSK (return-to-zero quaternary-PSK) signal using the Neumann series, which is the exact solution for the time-dependent microring output, T͑t͒ [7, 8] , without the approximations made in Eq. (4). In the Neumann series, we include terms up to O͑10 −7 ͒ in the summation. The resonator is at steady state before the modulation starts. The waveguide effective index is 3; the resonator propagation length is 126 m; the input wavelength is on resonance. The microring is critically coupled with a = 0.9971, corresponding to a waveguide loss of 2 dB/ cm and an unloaded Q of 2.6 ϫ 10 5 at 1.55 m. A critically coupled microring with resonant input facilitates RZ modulation (T ss = 0) and minimizes memory effect distortion for fixed a [8] . Figure 2 shows (a) the driving signals, (b) the modulator output, and (c) the normalized circulating intensity for the first 21 pulses of a 2 11 PRBS 40 Gb/ s ͑20 Gbaud͒ RZ-QPSK modulation of the dual-2 ϫ 2-MZI microring. The PRBS pattern was repeated five times. Figure 2(d) shows the constellation diagram for the output data pattern, where the field is sampled at the ͉⌬ I Ј͑t͉͒ and ͉⌬ Q Ј ͑t͉͒ pulse peak times. Since ⌬ Q ͑t͒, and hence ͑t͒, are never 0 in Fig. 2(a) , the Neumann series is defined [8] .
The output in Fig. 2 varies instantaneously with the drive signal, and the extinction ratio is large (17 dB on average). The 40 Gb/ s data rate and 16.5 ps FWHM RZ pulse widths represent a modulation rate exceeding ⌬f Ϸ 1 GHz. The modulation rate is limited only by the coupler response rate or the resonator free spectral range [8] . This modulator requires significantly less drive power than typical nested-MZI modulators. The MZIs in a nested-MZI need to be driven through V for each symbol, but from Fig. 2(a) , our device requires only one MZI to be driven through Ϸ6% of V for each symbol, assuming that ⌬ I and ⌬ Q vary linearly with an applied voltage.
The constellation plot in Fig. 2(d) shows that the magnitude and phase errors are small. The phase error is about 0.15 rad for the ± / 2 symbols, and 0.05 and 10 −3 rad for the and 0 symbols, respectively. The output chirp is also small. From Fig. 2(b) , the phase differences between ͉T͑t͉͒ 2 = 0.1 and ͉T͑t͉͒ 2 Ϸ 1 are only about 0.3 rad for the ± / 2 symbols and 0.04 rad for the 0 and symbols.
The intensity distortion, chirp, and phase error in the QPSK symbols are due to the memory effect distortion, which is especially significant at the start of the modulation. As shown in Fig. 2(c) , the circulating intensity decreases by about 25% during the initial ϳ10 pulses, after which it only fluctuates by about 3%. This decay causes the first 10 pulses in Fig. 2(b) to have a 10 dB fluctuation in the extinction ratio compared with 0.85 dB during the rest of the pulse train. It also causes the larger chirp and phase error in the ± / 2 symbols compared with the 0 and symbols. The reason is that after the initial pulses, T ss 0 in Eq. (4), since the output is more accurately modeled by replacing C 0 / A with the new average value of C͑t͒ / A. This residual constant amplitude offset in the output is / 2 radians out of phase with the ± / 2 symbols, which causes the additional chirp.
The operation of our proposed modulator can be improved in several ways. The memory effect distortion can be reduced by 1) decreasing the intrinsic resonator losses and operating near critical coupling, 2) increasing the modulation rate, 3) decreasing ͉⌬ I Ј͑t͉͒ and ͉⌬ Q Ј ͑t͉͒, or 4) decreasing the RZ pulse widths with respect to the symbol duration [8] . An RZ format with short pulses reduces the buildup in the changes of the circulating intensity. To eliminate the chirp due to a residual offset in the output amplitude, we can use an add-drop microring configuration, where the drop port coupler is a modulated dual-2 ϫ 2-MZI with 0 = 0 and the through port coupler is fixed at critical coupling. The output would be taken at the drop port, and, using the high-Q model, would be given by Eq. (4) with T ss = 0, regardless of the changes in the circulating intensity.
In summary, we have proposed a microring quadrature modulator that provides the possibility for miniaturization and drive power reduction compared to MZI quadrature modulators. Since the proposed modulator can, in principle, achieve any constellation point in the complex signal space, it can implement modulation formats such as M-PSK, M-QAM, and single sideband. The memory effect distortion and material response, i.e., Kramers-Kronig relations and optical nonlinearities, may place an upper limit on the number of symbols that can be practically implemented.
